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A B S T R A C T
Low-silica basanite, basanite, and alkali basalt lava flows and cinder cones make up the late Quaternary Hurricane
volcanic field (HVF) in the Colorado Plateau/Basin and Range transition zone of southwestern Utah. Strombolian-
and Hawaiian-style eruptions produced thin (10 m) a’a lava flows and 10 cinder and scoria cones that group geo-
graphically into five clusters. The five clusters can be further divided into four isotopic magma types that vary in
87Sr/86Sr from 0.7035 to 0.7049, eNd from 1.6 to 27.5, and 206Pb/204Pb from 17.4 to 18.7. Except for the Radio Towers
and Volcano Mountain cone clusters, each volcano had a different parent magma and evolved by fractional crystal-
lization of different amounts and proportions of olivine and clinopyroxene. Parent magmas of each isotope group
formed by 0.5%–7% partial melting of lithospheric mantle composed of fertile lherzolite varying in garnet content
from 1 to 4 wt %. New 40Ar/39Ar dates indicate that the HVF formed over a period of at least 100 ka during the late
Quaternary. Along a transect from the Basin and Range to the Colorado Plateau, the source for Pliocene–late Qua-
ternary alkali basalt magmas changes from asthenosphere in the Basin and Range to lithospheric mantle on the
Colorado Plateau. The melting of a heterogeneous lithospheric mantle is the most viable mechanism for producing
the observed chemical variability in the transition zone–Colorado Plateau part of the transect. Furthermore, chemical
differences across the transect may reflect a major lithospheric boundary originally defined on the basis of Nd and
Pb isotopes that is older and perhaps more fundamental than the present structural and physiographic boundary
between the Basin and Range and Colorado Plateau.
Introduction
Geochemical studies of Tertiary to recent mafic
volcanoes over the past 25 yr have mainly focused
on large volume eruptions that occur on ocean is-
lands, in flood basalt provinces, and on or near oce-
anic spreading centers. Few have concentrated on
low-volume continental cinder cones and related
flows. In western North America a much larger ef-
fort has been expended to understand regionwide
chemical and isotopic patterns of Pliocene and
Quaternary mafic volcanism than to study individ-
ual small-volume fields or volcanoes. Nevertheless,
those few studies of individual cinder cones and
related flows showed that lavas and pyroclastic
products can be chemically complex (e.g., Wilcox
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1954; Luhr and Carmichael 1985; McBirney et al.
1987; Bradshaw and Smith 1994; Perry and Straub
1996).
This article represents a continuation of our
work to understand the petrogenesis of small-vol-
ume volcanic systems (e.g., Feuerbach et al. 1993;
Bradshaw and Smith 1994; Yogodzinski et al. 1996).
It addresses the petrogenesis of mafic lavas of the
Hurricane volcanic field in the transition zone be-
tween the Colorado Plateau and the Basin and
Range province (fig. 1). Our study focuses on several
cone clusters within the field to identify chemical
differences between closely spaced volcanoes,
chemical complexity of individual volcanic cen-
ters, and changes in chemistry with time. Our goals
are to determine the processes that control com-
positional variation in small-volume mafic centers
and to detect changes in the composition of mantle
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Figure 1. The Hurricane volcanic field is composed of five cone clusters outlined by rectangles: Cinder Pits, Radio
Towers, Volcano Mountain–Ivan’s Knoll, Grass Valley, and the Divide.
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Figure 2. Age spectra and isochron plots for three sam-
ples from the Volcano Mountain–Ivan’s Knoll cone clus-
ter. A, Sample 6-15 is a flow just east of Hurricane, Utah,
correlated to Ivan’s Knoll. Samples 7-21 (B) and 7-22 (C)
are from a flow and bomb, respectively, from the Volcano
Mountain cone.
sources beneath the Colorado Plateau/Basin and
Range transition zone.
Cinder Cone Clusters and Geochronology
Ten cinder cones and associated flows make up the
Hurricane volcanic field (fig. 1). Cinder cones range
in size from 200 km ( diame-m # 1 height # base
ter) at Volcano Mountain to 75 mm # 300
( diameter) at Ivan’s Knoll. The 10height # base
cinder cones group geographically into five clusters
with a minimum total volume of about 0.5 km3
(fig. 1); volumes of individual cinder cone clusters
range from 0.05 to 0.30 km3. Cones consist of bed-
ded vesicular lapilli, bombs, and blocks. Aerody-
namically shaped bombs (up to 2 m) and welded
spatter (agglutinate) form massive to bedded de-
posits that dip outward (away from the summit cra-
ter) on the flanks and dip inward (toward the sum-
mit crater) near the summits of the cones.
Agglutinate consists of ribbon bombs and rootless
flows. Lava lakes represented by thinly bedded ba-
salt flows and agglutinate (2–5-cm-thick beds with
a total thickness of 3–5 m) occur on the summit of
Ivan’s Knoll, a cone in the Cinder Pits cone cluster,
and on the Grass Valley cone (fig. 1). The Volcano
Mountain cone cluster contains two cones, Vol-
cano Mountain and Ivan’s Knoll. Lava flows are
thin (10 m), mainly a’a, and vary in length from 1
to 7 km. A lava flow ( ka, 40Ar/39Ar iso-353 5 45
chron date; fig. 2A ) chemically and isotopically cor-
related to Ivan’s Knoll underlies the town of Hur-
ricane and is offset by the Hurricane fault. This
flow was previously dated by Damon (cited by Best
et al. 1980) at ka (K/Ar). The youngest289 5 86
flows from Volcano Mountain ( ka, 40Ar/258 5 24
39Ar isochron date; fig. 2B; table 1; table 1, along
with tables 5–8, is available from The Journal of
Geology free of charge upon request) breached the
northeast flank of the cone. We attempted to date
the youngest event in this cone cluster by analyzing
a sample from an aerodynamically shaped bomb at
the summit of Volcano Mountain. The age spec-
trum for this sample has a saddle shape (fig. 2C ).
The lowest step has an apparent age of 270 5 50
ka (fig. 2C ). The isochron date for steps 1–8 is
ka with an 40Ar/39Ar of (2j;129 5 60 301.5 5 2.4
fig. 2C ). All that can be concluded from these data
is that the maximum age of this sample is 270 5
ka. Although there is some uncertainty, geo-50
morphic and geochronologic information indicate
that volcanism continued for 104–105 yr at the Vol-
cano Mountain cone cluster. Table 2 summarizes
geomorphic features and ages for cone clusters of
the Hurricane field. The table also compares Ham-
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Table 2. Summary of Geochronology and Cinder Cone Morphology in the Hurricane Area
Hamblin’s
stage Location Geomorphic features Age (ka)
2a Remnants Vent eroded away; flows eroded into
segments
2b Ivan’s Knoll; flow that underlies
Hurricane Valley
Scoria eroded away; flow margins eroded 353 5 45 (flow)
3 Volcano Mountain/Ivan’s Knoll Flows are not segmented by erosion
3a, b Grass Valley Flows are not segmented by erosion
4a Volcano Mountain; Cinder Pits;
Radio Towers
Cones have vertical rills; flows close to
original shape
4b Upper Volcano Mountain flow; the
Divide
Fresh surface morphology; flow margins
intact
258 5 24 (Vol-
cano Moun-
tain flow)
blin’s (1970) geomorphic stage classification, com-
monly used in the western Colorado Plateau area,
with geomorphology and absolute age.
Geochemistry
Geochemistry and Petrography of Mafic Rocks of the
Hurricane Volcanic Field. Olivine phenocrysts
dominate in volcanic rocks from the Hurricane vol-
canic field and rarely make up 110%–25% of the
rock volume. Phenocrysts vary from equant 1 mm
euhedral grains to 3 mm laths. Spinel oc-mm # 6
curs in the matrix and as small inclusions in oli-
vine. Iddingsite rims on olivine are common in the
flows from the Remnants and can also be found on
some olivine phenocrysts from Ivan’s Knoll and as-
sociated flows. Less common (!5%) are pheno-
crysts of clinopyroxene that are rods 1 mm or less
in length. Phenocrysts of 1–2 mm clinopyroxene
(15%), 1 mm hornblende (!5%), and 2 mm olivine
(25%) occur in two dikes at the Divide cluster.
Low-silica basanites, basanites, and alkali basalts
make up the Hurricane volcanic field (fig. 3). Low-
silica basanites range between 41.5% and 42.1%
SiO2; MgO and CaO average 13.6% and 12.5%, re-
spectively; and TiO2, ! 1.9%. Magnesium numbers
average 69.7, a value that is close to the magnesium
number of 71 for primary mantle–derived basalts
(e.g., Green et al. 1974; tables 3, 4, and 5). Basanites
range in SiO2 from 43.2% to 46%; MgO averages
11.7%, CaO 10.6%, and TiO2 12.25%. Magnesium
numbers vary from 59.6 to 68.7 and average 63.9.
Alkali basalt has SiO2 ranging from 46% to 51.6%,
MgO averages 7.5%, CaO 9.5%, and TiO2 !1.9%.
Magnesium numbers for this group vary from 49.6
to 62.8 and form a bimodal distribution with modes
at 61 and 54.8. Low-silica basanites and basanites
are nepheline normative ( –18 and 5–12, re-ne 5 15
spectively). Only alkali basalts are both nepheline
and hypersthene normative (fig. 3B ).
The incompatible elements Ba, Sr, Th, and Nb
decrease as SiO2 wt % increases when considering
all rock types (fig. 4). For example, low-silica bas-
anites (SiO2 at 42 wt %) contain about 80 ppm Nb
and alkali basalts (SiO2 at 48–50 wt %) have 10–30
ppm Nb. Normalized to ocean island basalt (OIB;
Fitton et al. 1991), all rock types from Hurricane
are enriched in large-ion lithophile (LIL) and light
rare-earth elements (LREE), relative to the high
field strength elements (HFSE) and the heavy rare-
earth elements (HREE; fig. 5). The only elements
that show significant depletion when compared to
OIB are Rb and Nb for all rock types, plus K for
low-silica basanite. Although there is significant
variation between major rock groups, incompatible
element concentrations within groups are constant
or show small increases in abundance with increas-
ing SiO2. For example, while Ni changes by over
400 ppm in the basanites, Zr varies by !100 ppm
and Nd by !20 ppm.
Hurricane basalts have 143Nd/144Nd ratios that
vary from 0.512253 to 0.512718 ( to 1.6),e 5 27.5Nd
while 87Sr/86Sr ranges from 0.703678 to 0.704882
(fig. 6A ). For clarity, in the remainder of this article,
the magmas that the volcanic rocks represent are
divided into four isotopic magma types (tables 3, 4,
and 6). The basanites make up magma type A and
have 87Sr/ –0.7043, to 21.8,86Sr 5 0.7040 e 5 20.2Nd
and 206Pb/204Pb ca. 18.35. Basanites from Volcano
Mountain have a narrower range of 87Sr/86Sr and
lower eNd than those from the Radio Towers cluster.
Alkali basalts from Grass Valley were derived from
magma type B. Grass Valley alkali basalts have 87Sr/
–0.7040, to 20.5, and 206Pb/86Sr 5 0.7037 e 5 1.6Nd
204Pb ca. 18.05. Magma type C consists of alkali
basalts from Ivan’s Knoll that have 87Sr/86Sr 5
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Figure 3. A, Volcanic rocks of the Hurricane volcanic field are mainly basanites and alkali basalts on a total alkali
versus SiO2 diagram (modified from La Bas et al. 1986). B, On the basis of a classification scheme similar to that of
Best and Brimhall (1974), we divide the mafic rocks into alkali basalt (circles), basanites (squares), and low-silica
basanites (filled triangles). Percentage normative anorthite (%AN) is plotted against normative hypersthene (hy),
nepheline (ne), and leucite (lc).
–0.7049, to 27.5, and 206Pb/204Pb0.7046 e 5 26.2Nd
ca. 17.5. Magma type D contains low-silica basan-
ite from the Remnants and has 87Sr/86Sr 5
–0.7048, to 21.4, and 206Pb/204Pb ca.0.7046 e 5 21Nd
18.6. Magma types A, B, and D plot just to the left
and below the Great Basin OIB array of Fitton et
al. (1988) in a field defined by the range of isotopic
variation of basalts on the Colorado Plateau (fig.
6A ). Falling outside this field is type C, from Ivan’s
Knoll and the flow underlying Hurricane Valley,
which has significantly lower 143Nd/144Nd ratios
(0.512253–0.512322 and to 27.5). Alle 5 26.2Nd
samples from Hurricane plot above the Northern
Hemisphere reference line and form a trend of de-
creasing 206Pb/204Pb with slightly decreasing 207Pb/
204Pb on lead isotope plots (fig. 6B ).
Evolution of the Volcanic Field. We focused our
efforts on three problems concerning the evolution
of the mafic volcanic rocks of the Hurricane vol-
canic field: (1) the effects of crustal contamination
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Table 3. Summary of Chemistry for Hurricane Volcanic Field Magma Types
Magma type
A B C D
Time stage Stage 4a, b Stage 3 Stage 2b Stage 2a
Rock class Basanite Alkali basalt Alkali basalt Low-SiO2 basanite
SiO2 wt % 43.3–45.9 47.2–49.6 48.4–51.6 41.5–42.5
Magnesium
number
average 63.9 61.0 54.8 69.7
Ba/Nb average 14.2 15.2 42.9 27.6
Initial 87Sr/86Sr .704189 .703810 .704751 .704687
eNd 2.2 to 21.8 1.6 to 2.5 26.2 to 27.5 21.0 to 21.4
206Pb/204Pb 18.31 18.03 17.49 18.64


















Magma A A A B C D
SiO2 44.0 45.4 45.6 48.3 48.6 49.5 42.0
Al2O3 11.3 13.0 12.8 15.0 16.0 16.0 12.0
Fe2O3 13.1 12.6 12.8 11.1 10.1 11.1 11.7
MgO 12.5 10.4 10.6 7.7 8.0 7.1 13.6
TiO2 2.58 2.28 2.43 1.74 1.79 1.58 1.86
Magnesium
number 65.3 62.6 62.1 58.1 61.0 54.8 69.7
Rb 19.0 20.0 17.3 13.5 12.1 12.1 12.2
Ba 766 993 990 823 381 678 2243
Nb 64.2 53.4 50.9 30.2 25.2 17.8 81.8
Th 7.50 7.01 6.49 5.02 3.39 2.03 18.65
Sr 885 890 890 664 756 614 1230
Cr 466 421 414 300 294 181 607
Ni 360 198 215 143 157 68 312
Note. Oxide values in wt %, trace element values in ppm.
on basalt chemistry, (2) the characterization of the
mantle source region, and (3) the chemical com-
plexity of individual centers in the volcanic field.
Crustal Contamination. Although many geo-
chemical parameters indicate a mantle source for
Hurricane magmas (high magnesium numbers,
trace element patterns, and isotopic ratios), there
are important questions concerning crustal con-
tamination and the character of the mantle source
(asthenosphere or lithosphere). Previous studies on
the Colorado Plateau have identified five lower
crustal components that may be likely contami-
nants of Hurricane magmas (Perry et al. 1987;
Nealey and Unruh 1991; Nealey et al. 1993; Unruh
et al. 1994; Arculus and Gust 1995). Although the
fields of Hurricane lavas point toward lower crust
(fig. 6A ) and contamination appears to be qualita-
tively attractive, contamination is unreasonable
because:
1. The Nd content of most of the lower crustal
xenoliths is too low (usually !10 ppm) to signifi-
cantly change eNd values without adding 70%–85%
lower crust. This amount of contamination is un-
reasonable because the rocks do not contain any
mega- or microscopic evidence for contamination.
Furthermore, such large amounts of contamination
are thermodynamically difficult because a consid-
erable amount of heat is required to assimilate
crustal rock; the magmas would cool quickly and
perhaps “freeze” in place.
2. Low-silica basanite and basanite magmas
(types A and B) have primitive chemistry (high
MgO, magnesium numbers, and high concentra-
tions of compatible elements) and probably rose
rapidly enough from their site of partial melting to
the surface to escape significant crustal
contamination.
3. Types A and B show a eNd spread of over two
units, but many trace elements (e.g., Zr, Nd, and
Sr) have remarkably similar concentrations over
this range. This observation is inconsistent with
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Figure 4. Th, Nb, Sr, and Ba in general decrease as SiO2 increases when considering the entire Hurricane volcanic
field. Symbols are the same as in figure 3.
contamination because it would require that the
contaminant have nearly the same trace element
budget as the host magmas. This situation is highly
unlikely; in fact, xenoliths with the trace element
concentrations of types A and B are unknown.
4. Inconsistencies in relative order of increasing
contamination argue against contamination as a
model. For example, when considering 87Sr/86Sr and
eNd, it appears that magma type B is the least con-
taminated and type C was most affected (fig. 6A ).
However, Pb isotopes indicate that type D is the
least and type C the most contaminated (fig. 6B ).
Based on these arguments, we eliminate crustal
contamination as a cause of both inter- and intra-
group chemical variation.
Mantle Source. Basalts derived from lithospheric
mantle in the Great Basin and Colorado Plateau
have higher 87Sr/86Sr, large ion lithophile (Sr, Ba),
and LREE (La and Ce) element abundances and
lower eNd, Nb, Ta, Zr, and Ti than those produced
by melting of asthenospheric mantle. The litho-
spheric mantle in this area may represent a mixture
of oceanic crust and the sedimentary component
of an accretionary wedge added to the lithosphere
by subduction at 11 Ga. Isolation from the con-
vecting asthenospheric for long periods of time al-
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Figure 5. Hurricane basalts are similar to the ocean-
island basalt (OIB) of Fitton et al. (1991). Low-silica bas-
anites (filled triangles) show enrichment in Ba and LREE
but depletion in K. Alkali basalts show depletion in Nb.
In this plot, samples 5-6, and 6-2 were used to represent
basanites, 1-5 and 7-17 alkali basalt and 6-12 low-silica
basanite. Symbols are the same as in figure 3.
Figure 6. A, Five cone clusters are divided into four
isotopic groups on an eNd versus 87Sr/86Sr plot. The iso-
topic groups plot below the mantle array (Bradshaw et
al. 1993) but fall in the field of typical Colorado Plateau
basalts (Alibert et al. 1986; except group C). The field for
lower crust is based on the composition of xenoliths in-
ferred to have originated in the lower crust. The field
was constructed from the following sources; Arculus and
Gust (1995; San Francisco Volcanic field), Nealey and
Unruh (1991; Tule Tank), Perry et al. (1987; Taos Plateau),
Nealey et al. (1993; Markagunt Plateau), and Unruh et
al. (1994; St. George Basin). The broad arrow through
isotopic groups B, A, and C depicts a model of lower
crustal contamination. Although crustal contamination
appears to be qualitatively attractive, the model is un-
reasonable (see “Crustal Contamination”). B, Isotopic
groups plot above the Northern Hemisphere Reference
Line (NHRL ) on a 206Pb/204Pb versus 207Pb/204Pb diagram.
Arrows point toward the fields of lower crust (Wooden
and Miller 1990) and upper crust (Wilson 1989). Symbols
on both plots are the same as in figure 3.
lowed isotopic ratios to evolve to present-day val-
ues. As a result of these differences in chemistry
between lithospheric and asthenospheric mantle, a
combination of HFSE-LREE ratios and isotopic data
is useful for identifying mantle source. Especially
helpful is the Nb-La ratio. Because high field
strength elements like Nb are depleted in the lith-
ospheric mantle relative to the LREEs, low Nb/La
suggests a source in the lithospheric mantle and
higher Nb/La indicates OIB-like asthenospheric
mantle (fig. 7). Alkali basalt from Ivan’s Knoll
(magma type C) with low Nb/La and Nb, Zr, and
Ti troughs on spider diagrams and low eNd was most
likely derived from a lithospheric mantle source
(fig. 5). Although types A, B, and D have relatively
high Nb/La values (0.7–1.1), suggesting an asthen-
osphere mantle (OIB-like) source, their position ex-
tends below the field of OIB toward lithospheric
mantle values (fig. 7), indicating that the source is
not typical OIB-like mantle. Ruling out crustal con-
tamination, these magmas may reflect the mixing
of asthenospheric and lithospheric mantle sources
or represent melts of the lithospheric mantle.
These processes are evaluated in the next sections.
A popular model to explain the isotopic and trace
element signatures of transition zone and Basin and
Range basalts involves mixing between compo-
nents derived from a depleted asthenospheric
source with those from a relatively enriched lith-
ospheric mantle source (e.g., Cooper and Hart
1990). Recent geochemical studies, thorium iso-
topic evidence, and helium isotope variations, how-
ever, argue against this model. According to
Hawkesworth et al. (1995), partial melting of the
Journal of Geology L I T H O S P H E R I C M A N T L E C H E M I C A L V A R I A B I L I T Y 441
Figure 7. Nb is commonly depleted in the lithospheric
mantle relative to La, so low Nb/La for mafic magmas
suggests a lithospheric mantle source and higher ratios
an OIB-like asthenospheric mantle source (diagram mod-
ified from Bradshaw and Smith 1994). Open cross, av-
erage OIB from Fitton et al. (1991); filled cross, average
of six granulite xenoliths from the lower crust (Chen and
Arculus 1995).
Figure 8. Primitive mantle normalized Ce/Yb versus
Yb for Hurricane Volcanic field mafic rocks. Mantle
source is a fertile garnet lherzolite (Ehrenberg 1982), par-
tial melting curves for 5%, 4%, 2.5%, 1%, and 0% garnet
were calculated using an equilibrium melting equation
(Gast 1968). Small circles on melting curves mark 1%
melting intervals. The Hurricane data are approximated
by 0.5%–7% partial melting of an olivine (60–61 wt %)-
orthopyroxene (20–24 wt %)-clinopyroxene (14–15 wt
%)-garnet source containing 1–5 wt % garnet. The
sources for the different magmatic groups differ mainly
in the abundance of garnet. Alkali basalts (open circles)
are approximated by 2%–7% partial melting of a mantle
source with 1–2.5 wt % garnet; basanites (open squares),
2%–3% partial melting of garnet; lherzolite, 4–5 wt %
garnet; and low-silica basanites (solid triangles), !1% par-
tial melting of a source with 2.5–4 wt % garnet.
asthenospheric mantle was a rare event because of
the small volumes of magmatic rocks in the Basin
and Range with chemical signatures of oceanic ba-
salts. This component, therefore, would not be
available in large volumes to mix with melts de-
rived from the lithospheric mantle. Studies by Reid
and Ramos (1996) show that mixing of astheno-
spheric and lithospheric melts cannot account for
the covariation in Nd and Th isotopes for Basin and
Range and southwest Utah basalts. Furthermore,
3He/4He values of 5.5–6.3 RA for southwestern Utah
lavas (Reid and Graham 1996) imply a source in the
lithospheric mantle with little or no astheno-
spheric component. On the basis of these studies,
they conclude that Quaternary and Holocene ba-
salts in the southwestern United States originated
by melting of a compositionally heterogeneous lith-
ospheric mantle without either OIB-like astheno-
spheric or crustal additions. We agree with their
hypothesis and suggest that the different magma
types of Hurricane basalts reflect the partial melt-
ing of a compositionally heterogeneous litho-
spheric mantle; an OIB-like asthenospheric mantle
component is probably not involved.
The relatively large variation in Ce/Yb and the
low values of Yb (fig. 8) suggest that Yb may have
been compatible during partial melting. These ob-
servations are consistent with the presence of re-
sidual garnet in the source. Consequently, partial
melting models use a garnet-bearing source com-
position based on an average of fertile garnet lher-
zolite (enriched mantle) analyses from Arizona (Eh-
renberg 1982). This source has a Ce/Yb of about 3
and Yb of 0.6 (values normalized to primitive man-
tle; Bradshaw et al. 1993). The model curves in fig-
ure 8 use a simple equilibrium melting equation
(Gast 1968) and modal source mineralogy and solid-
liquid distribution coefficients from Bradshaw et al.
(1993). The Hurricane data are approximated by
0.5%–7% partial melting of an olivine-orthopyrox-
ene-clinopyroxene-garnet source containing 1–5 wt
% garnet. The sources for the different magmatic
groups differ mainly in the abundance of garnet.
Alkali basalt is approximated by 2%–7% partial
melting of a mantle source with 1–2.5 wt % garnet,
basanites by 2%–3% partial melting of garnet
lherz-
olite with 4–5 wt % garnet, and low-silica basanites
by !1% partial melting of a source with 2.5–4 wt
% garnet. Differences in incompatible element
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Figure 9. A, Cr versus Ni diagram showing Hurricane
Volcanic field mafic rocks grouped by cone and rock type.
Symbols are the same as in figure 7 except Volcano
Mountain and Ivan’s Knoll samples use shaded symbols.
B, Olivine and clinopyroxene fractional crystallization
models are used to explain the compositional variation
in each cone. The parent rock for each cone is denoted
by its sample number. Tick marks on model lines are at
10% intervals. The insert shows evolution curves for
crystallization of olivine and clinopyroxene.
contents among the major groups (fig. 4) may be
entirely explained, therefore, by differences in the
degree of partial melting. Partial melting calcula-
tions support a heterogeneous mantle model for the
Hurricane area but suggest that differences in man-
tle composition are small, at least at the scale of
the Hurricane volcanic field. Nevertheless, differ-
ent degrees of partial melting of this heterogeneous
source are effective in producing the parental mag-
mas for each isotopic groups and perhaps for each
volcano cluster.
Variation within Rock Groups. Models involving
fractional crystallization (FC) were used to explain
chemical variation within magma groups. Com-
puter modeling of these processes was done using
IGPETWIN software (Carr 1994). Minor oxide and
trace element distribution coefficients for mafic
volcanic rocks were compiled from various sources
and are listed in table 7.
We developed petrogenetic models on a Cr versus
Ni diagram (fig. 9). On this plot, lavas related to
each cone cluster lie in a different position and have
a different trend. Cr and Ni are compatible ele-
ments; Cr is especially compatible in clinopyrox-
ene, spinel, and hornblende and Ni in olivine and,
to a lesser degree, in clinopyroxene, spinel, and
hornblende. FC of olivine will produce nearly flat
evolution lines that rapidly decrease in Ni. Because
of the large difference in distribution coefficients
between Cr and Ni for olivine (1.65 and 10, re-
spectively), the evolution line will remain rela-
tively flat up to about 30% olivine fractionation.
Above this value, it curves to lower values of Cr.
The evolution lines for both clinopyroxene and ol-
ivine are steep with Cr, rapidly decreasing to ca.
30% FC, where they begin to curve toward lower
values of Ni. Considering only olivine and clino-
pyroxene, removing combinations of these miner-
als will produce evolution lines that lie in the en-
velope bounded by the olivine and clinopyroxene
curves (fig. 9). Fractionation of olivine with spinel
inclusions will increase the amount of Cr and Ni
being withdrawn from the magma; therefore, less
FC would be required for each model if spinel is
included. Because the mineralogy of the spinel in
Hurricane samples is unknown, spinel was not
used in any of the models.
The first model we considered involves FC of
various proportions of olivine and clinopyroxene to
explain the chemical variation on the Cr versus Ni
diagram. FC models vary from olivine only (Grass
Valley) to 1 : 3 olivine : clinopyroxene ratio (Vol-
cano Mountain; fig. 9). The absolute amount of FC
is reasonable and varies from 6% for the Radio Tow-
ers to 21% for the Ivan’s Knoll cluster. The parent
rock for each of the cones was selected on the basis
of the highest Cr and Ni. Note the similar com-
position for the Volcano Mountain and Radio Tow-
ers parent rocks. Perhaps these cones share the
same parent magma but, during their evolution,
different proportions of mineral phases were re-
moved, thus explaining their different evolution
trends. These models are confirmed when consid-
ering other trace elements. For example, increasing
incompatible element contents (Nb, Zr, Y, Ba, Sr)
with decreasing Ni and Cr are in accord with FC
of olivine and clinopyroxene (fig. 10). The only ex-
ceptions are lavas from Volcano Mountain that dis-
play a decrease of most incompatible trace ele-
ments with decreasing Cr and Ni. Perhaps
contamination or magma mixing can explain these
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Figure 10. Using an incompatible element (Ba) versus compatible element (Ni) plot, fractional crystallization of
olivine and clinopyroxene explain variation in lavas of each cone. Volcano Mountain is an exception; another process,
perhaps magma mixing, may be complicating its evolution. Symbols are the same as in figure 9. Insert shows evolution
curves for divine and clinopyroxene in Ba-Ni space. Tick marks on model lines shown at 5% intervals.
chemical trends. However, no appropriate contam-
inant or magma has been identified.
Regional Comparison
The transition zone separates the Basin and Range
from the Colorado Plateau and forms the eastern
margin of the Great Basin and the northern margin
of the southern Basin and Range. To determine the
changes that occur across the boundary between
the Basin and Range and the transition zone, we
considered a transect from the Basin and Range to
the transition zone consisting of the Fortification
Hill volcanic field in the northern Colorado River
extensional corridor, an area of thin lithosphere in
the Basin and Range province; the Grand Wash
Trough at the western boundary between the Basin
and Range and transition zone; and the Hurricane
volcanic field within the transition zone. Isotopic
values for the Pliocene alkali basalts in the Forti-
fication Hill volcanic field (Feuerbach et al. 1993)
lie within the mantle array in the field of ocean
island basalt of Fitton et al. (1991). Isotopic ratios
for alkali basalts in the Grand Wash Trough (Cole
1989) have lower eNd values than the basalts of the
Fortification Hill field and a steeper negative slope
on a 87Sr/86Sr versus eNd diagram (fig. 11). Rocks from
the Hurricane volcanic field have isotopic values
that plot to the lower left of the mantle array with
lower eNd and 87Sr/86Sr. The trends defined by the
three volcanic fields along the transect swing from
the mantle array (Basin and Range) toward lower
eNd and 87Sr/86Sr (transition zone). The field of Col-
orado Plateau basalt (Alibert et al. 1986) continues
this trend toward lower eNd and 87Sr/86Sr.
The explanation for the changing isotopic pattern
with location along the transect remains contro-
versial. One possible explanation relates changes
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Figure 11. Comparison of volcanic fields along a transect from the Basin and Range to the Colorado Plateau. Mantle
array from Bradshaw et al. (1993); Fortification Hill, Feuerbach et al. (1993); Grand Wash Trough, Cole (1989); and
Colorado Plateau, Alibert et al. (1986). Numbers within each field are ages in Ma. The field for lower crust was
constructed using references cited in the caption to figure 6. Lower panel shows location of the volcanic fields
( Hill, Wash Trough, ) and tectonic province boundaries. Dashed linesFH 5 Fortification GW 5 Grand H 5 Hurricane
outline the transition zone; the solid line is the boundary between the Colorado Plateau and Basin and Range provinces.
in isotopic ratios to changing proportions of as-
thenospheric and lithospheric mantle in the source.
Although Basin and Range basalts along the tran-
sect were melted from asthenospheric mantle (Feu-
erbach et al. 1993), it is unlikely that transition
zone or Colorado Plateau basalts contain this com-
ponent. There is some controversy about this in-
terpretation. Basalts on the margins of the Basin
and Range in the Colorado Plateau transition zone
and in the Western Great Basin isotopic province
show depletion in HFSEs (Nb and Ta) and have
higher 87Sr/86Sr and lower eNd than OIB and accord-
ing to many studies represent melting of a litho-
spheric mantle source (Menzies et al. 1983; Kemp-
ton et al. 1991; Ormerod et al. 1991; Beard and
Glazner 1995; Rodgers et al. 1995; Cousens 1996;
Reid and Ramos 1996). Wenrich et al. (1995), how-
ever, suggested that transition zone basalts origi-
nated in the asthenospheric mantle, though recent
helium and thorium isotopic evidence makes this
suggestion unlikely and supports the lithospheric
mantle as the most likely source (Reid and Ramos
1996; Reid and Graham 1996).
A second hypothesis depends on variable crustal
contamination with more contamination occurring
where the lithosphere is thick and less where it is
thin. An important fact revealed by seismic refrac-
tion profiles (Allmendinger et al. 1987) is that the
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Figure 12. Early Proterozoic isotopic provinces in the
southwestern United States modified from Wooden and
Miller (1990). Light shading, Mojave Pb province. Dark
shading, the Arizona–Colorado–New Mexico Pb prov-
ince. Intermediate shading, boundary zone between the
two Pb provinces. Heavy dashed lines, boundaries be-
tween Nd provinces of Bennett and DePaolo (1987).
Hill, Wash Trough,FH 5 Fortification GW 5 Grand
.H 5 Hurricane
lithosphere thins from 40 to 25 km from the Col-
orado Plateau to the Basin and Range. Although
there are examples of lower crust partially con-
trolling basalt composition on the Colorado Plateau
(Nealey and Unruh 1991; Chen and Arculus 1995;
Blaylock et al. 1996), crustal contamination is un-
likely to have affected the composition of Hurri-
cane Lavas. In addition, crustal contamination of
mafic magmas occurs in the Basin and Range (Fo-
land and Bergman 1992; Yogodzinski et al. 1996) as
well as on the Colorado Plateau. There is, therefore,
no correlation between geographic position and ar-
eas of contaminated mafic magmas.
Ruling out asthenospheric components in the
source of mafic magmas and crustal contamination
in the transition zone–Colorado Plateau part of the
transect leaves the melting of a heterogeneous lith-
ospheric mantle as the most viable mechanism for
producing the observed chemical variability. If iso-
topic and chemical variability reflect large-scale
mantle heterogeneity, basalt chemistry may be re-
vealing differences in composition of mantle
formed at the time of its addition to the lithosphere
at 11 Ga. A heterogeneous lithospheric mantle is
expected because lithospheric mantle was created
by fragments of subducted oceanic lithosphere and
sediments of the accretionary wedge added to the
lithosphere at different times. Accretion must have
occurred at ≥1 Ga (if not earlier) to allow isotopic
systems to evolve from MORB values to present-
day enriched signatures. Consequently, basalt ge-
ochemistry may be providing insight into the
chemical makeup of the mantle lithosphere of the
North American Plate. Furthermore, chemical var-
iations from the Basin and Range to the Colorado
Plateau may reflect a lithospheric boundary older
and more fundamental than the present-day phys-
iographic and structural boundary between the two
provinces.
The transect lies just to the east of a major Early
Proterozoic lithospheric boundary defined by Nd
studies (Bennett and DePaolo 1987) and just to the
west of the boundary zone between Mojave and
Arizona–Colorado–New Mexico Pb crustal prov-
inces defined by Wooden and DeWitt (1991). The
Nd boundary is extrapolated from the Lake Mead
area into central northern Nevada and Utah, and
the Pb boundary is projected to the north into Utah
(fig. 12). Although speculative, we suggest that one
or both of these boundaries crosses the transect line
and that the differences in chemistry recorded by
the three basalt fields along the transect reflect the
boundary between lithospheric provinces. A poten-
tial problem with this hypothesis lies in the eNd data
reported by Bennett and DePaolo (1987). eNd of
crustal rocks in Nd province 2 to the east of the
boundary in northwestern Arizona is higher than
for province 1 in the Mojave Desert area of Cali-
fornia to the west of the boundary (eNd 2.95 to 21.13
and 4.5 to 0.28, respectively). This variation is op-
posite to that measured in basalt magmas along the
transect. Recall, however, that the isotopic prov-
inces are defined on the basis of the chemistry of
crustal rocks and that the eNd values reported by
Bennett and DePaolo (1987) do not directly record
the composition of the lithospheric mantle source
for basalt magmas. Therefore, the isotopic signa-
ture of the lithospheric mantle associated with
each isotope province remains unknown. We sug-
gest that the isotopic ratios of the alkali basalt mag-
mas in the three volcanic fields provide informa-
tion about the changing chemistry of the
lithospheric mantle across this major lithospheric
boundary. An important consequence of this ob-
servation is that in the Hurricane area the position
of the boundary between the Basin and Range and
Colorado Plateau (formed during Tertiary and Qua-
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ternary time) was controlled by the location of this
older lithospheric boundary.
Summary
1. The Hurricane volcanic field is a small-volume
mafic volcanic field in the Colorado Plateau/Basin
and Range transition zone. The minimum volume
of the field is about 0.5 km3 with the volume of
individual centers ranging from 0.05 to 0.30 km3.
Strombolian- and Hawaiian-style eruptions pro-
duced thin (10 m) a’a lava flows and cinder (scoria)
cones composed of vesicular basalt, bombs, and
agglutinate.
2. Radiometric dating (40Ar/39Ar) yielded dates of
ka for a flow from Ivan’s Knoll and353 5 45
ka for a flow from Volcano Mountain.258 5 24
These dates and geologic relationships demonstrate
that volcanoes near Hurricane formed over a period
of at least 100 ka.
3. Three rock groups, low-silica basanite (42%
SiO2), basanite (43%–46% SiO2), and alkali basalt
(46%–52% SiO2), originated by the partial melting
of a compositionally heterogeneous lithospheric
mantle. Partial melting calculations suggest that
the source is fertile garnet lherzolite (enriched
mantle) containing variable amounts of garnet (1–5
wt %). Melting (0.5%–7%) of this mantle source
may have produced the parental magmas for each
rock group and perhaps each volcano cluster.
Crustal contamination did not play an important
role in their petrogenesis.
4. Isotopic data for Pliocene volcanic rocks along
a transect from the Basin and Range to the Colorado
Plateau show a swing from asthenospheric prop-
erties in the Basin and Range to lower values of eNd
toward the Colorado Plateau. The melting of a het-
erogeneous lithospheric mantle is the most viable
mechanism for producing the observed chemical
variability. If isotopic and chemical variability re-
flect large-scale mantle heterogeneities, basalt
chemistry may be reflecting differences in the com-
position of mantle formed at the time of its addition
to the lithosphere at ca. 1 Ga. In other words, these
data may be providing insight into the chemical
makeup of the mantle lithosphere of the North
American Plate. Chemical differences may reflect
a major lithospheric boundary originally defined on
the basis of Nd and Pb isotopes in crustal rocks.
An important consequence of this observation is
that in the Hurricane area the position of the
boundary between the Basin and Range and Colo-
rado Plateau (formed during Tertiary and Quater-
nary time) was controlled by the location of this
older lithospheric boundary. Finally, an important
implication of this work is that lithospheric mantle
is heterogeneous at a variety of scales, from !1 km,
as reflected by chemical variability within a single
volcanic field, to hundreds of kilometers, as re-
flected by chemical changes along the transect.
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